The article presents an approach to assessing human physical models specified in the ISO 10068:2012 standard. The models were compared on the basis of energy analysis, which was conducted in terms of power distribution. Since the models in question have a fully specified internal structure, the investigation focused on power distribution in the models and the total power in the system. The article provides a description of the construction and energy-based modelling of Human-Tool systems. Simulation results obtained during the study were analysed in terms of health risks posed to the tool operator.
Introduction
Research focused on developing human models using discrete models was conducted as early as 1970s. Major contributions in this field were made by Reynolds [1] , Meltzer [2] , Suggs [3] and Griffin [4] . The impact of vibrations on the human body was later analysed with other models, which differed in the number of degrees of freedom, the number of components of the dynamic structure and ways in which they were connected [5] [6] [7] .
New models were always meant to provide a better representation of how the human body reacts to mechanical vibrations, and, thus, undermined the adequacy of previous models. As a result, the problem of choosing an appropriate model became increasingly difficult as the number of available models increased. This situation gave rise to a wave of new studies aimed at compar-ing different models [7] or investigating the effect of excitations on the system response [8] .
In general, various models were compared in terms of specific functions of impedance and graphs showing changes in the phase angle [7, 8] . It should be noted that the main focus was on the response generated by the model, which should be as close as possible to the result obtained for a real system. Moreover, if that was the case, one should also account for the internal structure of the model. If a given model is to be fully compatible with the real system, it should possess accurately specified response characteristics and at least adequately defined internal structure. This fact is all the more interesting when one considers the withdrawal of the ISO 10068:1998 standard [9] in 2012 and the fact that models specified in the standard had been used for many years all over the world. Work on new models from ISO 10068:2012 had been carried out for a number of years and had been presented in numerous articles [10] [11] [12] .
This article presents an approach to comparing two physical models for the Human-Tool system, which were constructed using human physical models specified in the ISO 10068:2012 [13] . The main criterion for model assessment was the similarity of energy phenomena observed in the dynamic structures in the process of operation. The energy-based comparison of the physical models of the systems was conducted in terms of power inputs: which were calculated to account for three types of powers and the total power.
Energy models of human-tool systems
Two human biomechanical models specified in the new ISO 10068:2012 [13] standard were analysed. The two models of interest are discrete models, in which respective points of reduction are connected by means of spring and damping systems. Basic parameters of these models are specified in the ISO 10068:2012 standard [13 A comparative assessment of the models required the construction of physical models of a Human-Tool system. The human models specified in the ISO 10068:2012 standard [13] were used for this purpose -model 1 (annex B) and model 2 (annex C). Models of Human-Tool systems shown in Fig. 1 are the result of combining physical models in the ISO standard [13] with a model of a power tool. In this particular case the tool model was limited to one mass m N of 15 kg and the driving force F(t) producing vibrations. Both models made it possible to model the impact of vibrations on the human body for three vibration directions -x, y and z (Table 1 and 2). The number of directions taken into account determines the number of differential equations of motion that need to be formulated. A complete analysis of the impact of vibrations on the human body requires the following: a) with respect to the model with two points of reduction, 6 generalized coordinates need to be specified and 6 differential equations of motion need to be formulated, since the model has two points of reduction and 6 degrees of freedom, b) with respect to the model with three points of reduction, 9 generalized coordinates need to be specified and 9 differential equations of motion need to be formulated, since the model has three points of reduction and 9 degrees of freedom. In the study, the energy-based assessment was conducted for a simplified case, whereby the dynamic analysis accounted for only one, main direction of vibrations -along the "z" axis, which is the most significant one in tests of many tools. For the model from ISO 10068:2012 -model 1 [13] , the following generalized coordinates were selected (Fig. 1a) : In the case of the combined model consisting of the model ISO 10068:2012 -model 2 [13] and the tool model (Fig. 1b) , the following generalized coordinates were selected:
After selecting the generalized coordinates, mathematical models of HumanTool systems were formulated. In the case of the Human-Tool system (ISO 10068:2012 -model 1 [13] ) the mathematical model has the following form - Fig. 1a :
The mathematical model for the combined model consisting of the ISO 10068:2012 model -model 2 [20] and the tool model - Fig. 1b , is given by: (   2  2  2  2  3  3  3  3  1  3  2  1  1  3  2  1 
The differential equations of motion (1) and (2) presented above were used to derive energy models of the Human-Tool systems of interest. By applying the First Principle of Power Distribution in a Mechanical System [5, 14, 15] one can move from a conventional dynamic analysis in the amplitude domain of kinematic quantities to an energetic analysis in the domain of power distribution. Hence, the energy model of the Human-Tool system, based on the model with two points of reduction specified in the ISO 10068:2012 standard can be formulated as follows:
The energy model for the second Human-Tool system - Fig. 1b , is given by:
The above energy models are described by equations of power. Energy models of Human-Tool systems were implemented in MATLAB/Simulink software to calculate timelines of the power of inertia, dissipation and elasticity. The resulting values were used as criteria for the verification of the models under analysis. The models would be regarded as similar if the power distribution observed in their dynamic structures during the tool operation was found to be the same. 
Energy-based calculations in human-tool systems
Energy-based analysis was conducted for two kinds of mechanical inputs acting on the Human-Tool systems. The first one was a modelled real impulsive signal [16] , which is generated by a demolition hammer operating at a frequency of 20 Hz. Figure 2 shows a timeline of impulsive forces generated by a demolition hammer with mass m N = 15 kg. The model assessment was also conducted for a sinusoidally varying force signal, which is typically generated by an angle grinder employing the frontal area of the disc. Given the known RMS value of vibration acceleration a RMS = 150 m/s 2 at the point of direct contact between the human operator and the tool, a matching sinusoidal signal was selected. A similar RMS value of vibration acceleration for the sinusoidal signal was obtained with an amplitude of 3400 N. At this amplitude it was possible to achieve the RMS value of vibration acceleration of 150 ± 1 m/s 2 at the point of direct contact between the human operator and the tool for all cases. The remaining parameters, i.e. the mass and the frequency of the tool, in this particular analysis remained unchanged -m N = 15 kg and f = 20 Hz.
Simulations in MATLAB/Simulink were conducted for time t equal to 300 seconds. A further extension of the simulation time by 10% was not necessary, since the resulting decrease in the average power did not exceed 1%. This means that the expected maximum error of averaging the power value did not exceed 1%. Simulations were implemented using integration time steps ranging from a maximum of 0.0001 to a minimum of 0.00001 second. The integration procedure ode113 (Adams) with a tolerance of 0.001 was used.
By applying the First Principle of Power Distribution in a Mechanical System [5, 14, 15] it was possible to precisely determine the values of three types of power in each system. The energy model equations (3) and (4) re-
sulted in timelines of instantaneous power, which needed to be integrated and averaged to obtain the RMS value of power.
For the Human-Tool model based on the model with two points of reduction specified in the ISO 10068:2012 standard - Fig. 1a , different values of power were calculated using the following formulas: a) the power of inertia expressed in [W]: 
In the case of the second Human-Tool system - 
c) the power of elasticity expressed in [W]:
(10) Table 3 shows the resulting values of three types of power and total power for two types of mechanical signals acting on Human-Tool systems. Table 3 . Three types of power and total power for the models specified in the ISO 10068:2012 standard [13] in Watt and percentage
Driving force Impulsive Force Sinusoidal Force
Model ISO 10068:2012 The results presented in Fig. 3 indicate that the values of power calculated for the Human-Tool systems under analysis differ. The highest degree of similarity between the models can be observed in the case of the power of inertia -a difference of up to 0.5%. In the case of the other two kinds of power, much larger discrepancies were observed. A comparison of the power of dissipation revealed a 42.5% increase for the sinusoidal force and a 71.1% increase for the impulsive force. An even higher discrepancy was recorded for the power of elasticity, where the percentage increase amounted to 303% for the sinusoidal force and 366% for the impulsive force. It is worth noting that the difference between the models in terms of the power of dissipation and elasticity is several dozen percent higher when the Human-Tool systems are affected by the impulsive force than it is in the case of the sinusoidal force. What is more, even assuming the relative error of 30%, it cannot be concluded that the values predicted by the models are similar. In contrast, given the same value of relative error, the values of the power of inertia are comparable.
Model 1 2 points of reduction

Model 2 3 points of reduction
Model 1 2 points of reduction
Model
A comparison of the systems and health risk for the tool operator
In Human-Tool systems it is possible to relate the concentration of energy inputs acting on the human body with health risk for the tool operator [14, 15, 17] . There are physiological studies in this area, which confirm this fact [18] [19] [20] . One of the outcomes of the study is the analysis of power distribution - Table 3 , which can be used to identify the elements of the biological structure that are most severely affected. It turns out that the values of different types of power can be connected with specific effects in the human body: a) the power of inertia can be linked to blood circulation disorders, b) the power of dissipation can be linked to an increase in body temperature and adverse effects on nerve tissue, c) the power of elasticity can be linked to injures to tendons, muscles and joints.
On the basis of the above correlations it is possible to determine the degree of stress affecting different elements of the biological structure and order the harmful impacts of vibrations on the human body. The order depends on the type of driving force acting on the Human-Tool systems.
A complete qualitative compatibility in the level of energy inputs affecting different elements of the biological structure can be observed for the impulsive force. In this case, the highest energy input is exerted on massive elements, which is related to high levels of acceleration, and hence the power of inertia. This type of energy input is most likely to cause blood circulation disorders. These will be followed by upper limb movement disorders. This is likely to result in injures to tendons, muscles and joints, which is related to the power of elasticity. For both models, the power of dissipation is the smallest contributing factor in the negative impact, which is usually manifested by a rise in body temperature. While the order of negative impacts affecting the biological structure is identical for both models, the percentage contribution of the different types of power is not - Table 3 . This means that the resulting disorders which will develop simultaneously in the human body, will be characterised by a different intensity of changes, owing to different contributions of three types of power.
The order of the energy inputs is completely different when the models are affected by the sinusoidal force. In the case of the model with two points of reduction, the analysis of energy inputs revealed that the following order: the highest value of the power of inertia, followed by the power of elasticity and power of dissipation. This indicates that the biggest proportion of the input power generated by the driving force inducing vibrations is used to overcome the system's inertia, then the forces of elasticity, while the smallest part is used to overcome the resistance to motion resulting from the damping forces in the human body. A completely different order of the harmful impact of vibrations on the human body was predicted by the energy analysis for the model with three points of reduction. The following order of energy inputs was observed: the power of elasticity, the power of inertia and dissipation. It is worth noting that when the Human-Tool systems are affected by the sinusoidal force, the contribution of the power of dissipation for both models is the smallest. Figure 4 shows the increase in total power between models for two kinds of driving force. In this case, the total power is equal to the sum of three kinds of powers. The increase in total power is expressed as a percentage difference of the ratio of the total power observed for the model with three points of reduction to the total power observed for the model with three points of reduction. This dependence is given by: The results presented in Fig. 4 suggest that the character of the driving forces inducing vibrations in the Human-Tool systems has a major effect on the difference between the models. A comparison of the total power revealed a 28.6% increase for the impulsive force and an 84.4% increase for the sinusoidal force.
It is worth pointing out that tools with different characteristics of operation but generating the same RMS value of vibration acceleration a RMS at the point of direct contact between the human operator and the tool should be assessed differently. This can be explained by the much higher flow of energy through the system when a tool generating a sinusoidal force is used - Table 3 . In this case, the human biological structure is exposed to a bigger energy input, which, in turn, results in a much higher intensity of body disorders.
What is more, the model with three points of reduction specified in the ISO 10068:2012 standard - Fig. 1b will predict a consistently higher health risk for the operator of power tools. This is due to the higher flow of energy predicted by the model, which would definitely increase the level of safety requirements that power tools need to meet in order to comply with permissible exposure limit values in an 8-hour working day.
Summary
The study revealed a discrepancy between the models in terms of power distribution, which was the criterion of model similarity. The simulation results indicated the highest degree of similarity with respect to the power of inertia, with a difference of up to 0.5%. Much higher differences were obtained in the case of the two other kinds of powers, which ranged from 42.5% to nearly 366%.
In addition, the study formulated a hierarchy of energy inputs experienced by the human biological structure. The energy analysis revealed a partial similarity between the models in terms of energy input the human biological structure is exposed to. For both models, irrespective of the type of driving force, the negative contribution of the power of dissipation in the Human-Tool systems was the lowest. The values of different types of power were linked to different types of health risk for the human operator.
Another conclusion that can be drawn from the analysis is that the sinusoidal force produces a higher energy input in the Human-Tool systems, which can be measured by the total power of structural forces. It was also demonstrated that the model specified in the ISO 10068:2012 standard with three points of reduction is characterised by a higher total power, which should increase the level of safety requirements concerning vibrations generated on the handles of a working power tool. It is worth noting that the energy-based analysis enables an assessment of health risk for the tool operator working with different tools characterised by different frequencies of operation. This aspect of the problem has been analysed e.g. in [5] and [17] .
Finally, it is worth pointing out that the models under analysis display considerable differences in terms of energy inputs. The model comparison indicates that the models' internal structure has a major impact on the health risk for the tool operator. It should be mentioned that the models are characterised by similar maximum values of amplitudes of kinematic quantities -presented in [17] . The difference in the internal structure of the models is due to the discrepancy in energy levels between them. The final verification of the models will be conducted on the basis of energy measurements in the lab. They will provide the data to determine which model structure better represents the energy response of the real system.
